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(57) Abstract 

Apparatus for heating hems (19) of ceramic material by microwave energy comprises a microwave resonant cavitv (10), a 
refractory box (11) within the cavity to receive the items (19), a magnetron (12) for generating microwaves, a thermal screen (24) 
around the items (19), in use, to be heated by the energy of the microwaves, and means (15-18) for continuously controlling the 
power of the magnetron (12) in response to any difference between a set value of the temperature of the items and a measured 
value thereof. Heated gas can be passed through the screen and around the items during the microwave heating process, and the 
susceptibility of the thermal screen to heating is determined by doping or spray coating with susceptors. In one embodiment the 
thermal screen can also be electrically heated. 
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MICROWAVE HEATING METHOD AND APPARATUS 

This invention relates to a microwave heating 
method and apparatus, particularly for sintering/firing 
ceramic materials such as pottery, industrial ceramics 
and the like, in large batches of an industrial scale. 

Ceramic materials generally absorb little 
electromagnetic energy at microwave frequencies at room 
temperature. However at higher temperatures their 
ability to absorb microwave energy can increase 
considerably, as shown in Figure 1 which is a graph of 
power absorbed against temperature. This can cause 
rapid, localised heating in a ceramic piece, should the 
temperature within the piece be, or become, non-uniform. 
This is particularly true at temperatures above 
temperature 'A' in Figure 1. The phenomenon is known as 
'thermal runaway' . 

In addition to preventing 'thermal runaway' 
efficient and effective heating of a piece also requires 
uniformity of temperature at any time throughout a piece. 
Two causes of temperature non-uniformity are firstly 
attenuation of the electric field, and hence power 
generated, with depth into the piece, and secondly 
radiation of heat energy from the surface of the heated 
body. 

The degree of attenuation of power within a piece 
increases with power dissipation within the piece, to 
which it is mathematically related. Since power 
dissipation can increase significantly with temperature 
(Figure 1) the depth within the piece in which 
significant power is generated (known as the depth of 
penetration) can decrease significantly. Should the 
depth of penetration decrease such that it becomes 
comparable with the dimensions of the piece then the 
processing time must be extended to allow equalisation of 
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temperature throughout the piece by thermal conduction . 
A final, stable situation is reached, when the power input 
becomes constant for a set temperature . In practice , the 
depth of penetration is normally much greater than the 
dimensions of ceramic pieces and thus the attenuation of 
the electric field is not a problem. 

However radiation of heat energy is a more serious 
problem. Although thermal insulation can be used to 
prevent loss of heat energy, the ambient temperature in 
the applicator containing the pieces to be fired will 
still be significantly less than that of the surface of a 
piece. Hence radiation of energy from the surface causes 
a thermal gradient to be created between the surface and 
the body of a piece, as shown in Figure 3. This problem 
is the most significant one to be overcome in 
manufacturing a commercially acceptable ceramic product 
on an industrial scale. 

The object of the present invention is to overcome 
or at least mitigate all or some of the problems referred 
to . 

According to one aspect of the invention there is 
provided a method of heating ceramic material in an 
interior of an enclosure, comprising providing a variable 
power source of microwave energy, providing in said 
interior of the enclosure a thermal screen which is 
around the ceramic material, in use, and which is heated 
by said microwave energy, operating said source to supply 
microwave energy to said interior of said enclosure 
containing said ceramic material, in use, and 
continuously controlling the power of said source in 
response to a difference between a set value of a 
parameter of the system, and a measured or calculated 
value of the parameter during operation of the method. 
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Preferably the method includes passing heated 
gas/air into the interior of the enclosure and around the 
ceramic material. Desirably the hot gas/air is 
circulated in a closed system containing a fan. 

According to another aspect of the invention there 
is provided apparatus for heating ceramic material 
comprising an enclosure having an interior in which said 
ceramic material is intended to be received, a thermal 
screen in said interior around said ceramic material, in 
use, a variable power source of microwave energy outside 
the enclosure operable to supply microwave energy to said 
interior of the enclosure containing said ceramic 
material, in use, and means for continuously controlling 
the power of said source, in use, in response to a 
difference between a set value of a parameter of the 
system, and a measured or calculated value of the 
parameter during the heating . 

The invention will now be described, by way of 
example, with reference to the accompanying drawings, in 
which: 

Figure 1 is a graph showing a known relationship 
between absorption of microwave power and temperature for 
ceramic materials, 

Figure 2 is a block diagram of part of a system of 
the present invention for providing accurate control of 
temperature sufficient to prevent thermal runaway whilst 
heating ceramic materials by microwave energy, 

Figure 3 is a graph showing the relationship 
between temperature and the depth of a ceramic article 
when the article is heated by a known microwave heating 
method, 
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Figure 4 diagrammatical ly shows the stacking of 
ceramic articles to be heated by a method of the 
invention, 

Figure 5 diagrammatically shows the passing of 
heated gas through an enclosure according to the present 
invention, 

Figure S is a diagram showing the use of a thermal 
screen with the method of the present invention, and 

Figure 7 is a block diagram of the method of the 
present invention. 

As explained, the phenomenon known as 'thermal 
runaway' can be a problem with the heating of ceramic 
materials by microwave energy. To prevent this problem, 
it is necessary to detect rapid increases of temperature 
or rate of energy absorption of the ceramic piece and 
correspondingly to reduce the rate of microwave energy 
input, or power, into the piece. Therefore continuous 
control of the microwave energy source is necessary to 
achieve uniform heating of the piece. . 

The arrangement shown in Figure 2 is an 
arrangement for preventing thermal runaway. 

Shown in Figure 2 is a basic system for sintering 
ceramic materials. The values of frequency, power and 
volts shown are by way of example only. The system has a 
microwave resonant cavity 10 within which is contained a 
refractory box 11 for containing therein the ceramic 
article or articles to be sintered. A source of 
microwave energy, such as a magnetron 12, is coupled to 
the cavity 10 directly, or indirectly such as by a 
waveguide 13. One or more optical fibre probes 14 are 
inserted directly into the refractory box and placed near 
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to or in contact with the surfaces of the piece or pieces 
whose temperature is to be measured. The optical probes 
represent only one possible means of temperature 
measurement . 

The desired control of the microwave energy source 
is achieved by an electronic circuit containing one or 
more solid state devices, and indicated at 15, the solid 
state device being, for example , a thyristor with its 
control circuit, the thyristor controlling the voltage 
supply indicated at 15, to the magnetron. The control 
signal to the thyristor may be derived, as shown in 
Figure 2, from either the temperature of the piece or 
alternatively from the power output of the magnetron. It 
can be a directly measured value of the chosen parameter 
or could be calculated from the measured value of a 
different parameter. 

The control signal is compared with a set 
temperature or power value and a difference or error 
signal, if present, is fed to the thyristor control. 
Since energy, radiated by the magnetron generator is 
converted directly to heat energy within the ceramic 
piece, a change in energy generated by the magnetron 
causes an instantaneous change in energy absorbed by the 
piece. The set temperature may be programmed by computer 
to follow a pre-set temperature-time profile or a power- 
time profile to obtain the required characteristic of the 
piece or pieces in the minimum time . 

Figure 2 shows a temperature control system 18, 
which can incorporate a suitable computer. The 
temperature of a piece is sensed by the optical fibre 
thermometry system. Thermocouples are not suitable since 
they cannot be placed permanently within the cavity 10 or 
refractory box 11 because they are metallic. Infra-red 
pyrometry can be used by viewing the piece from outside 
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the cavity 10 through a port in the walls of the cavity 
and refractory box respectively. As mentioned, power 
from the magnetron source is, in one example, fed into 
the cavity 10 through the waveguide 13. The cavity is 
preferably multimodal, namely it will support a large 
number of resonant modes in a given frequency range, and 
in a preferred embodiment the cavity can have a mode 
stirrer 13a to provide greater uniformity of electric 
field distribution within the cavity. To heat large 
quantities, or a batch, of ceramic pieces, an array of 
magnetrons may be required. Thus by varying the voltage 
supply to the magnetron, the magnetron effectively 
provides a variable power source of microwave energy , so 
that the temperature of the piece can be controlled to 
prevent thermal runaway. 

As mentioned, whilst the system shown in Figure 2 
can provide accurate control of temperature sufficient to 
prevent such thermal runaway, it cannot provide 
uniformity of temperature at any time throughout a piece 
due to the electric field attenuation and heat energy 
radiation previously referred to. As explained, the 
attenuation of the electric field is not, in practice, a 
problem. The present invention does however relate to 
the problem of preventing loss of heat energy by 
radiation and the ways in which this problem can be 
tackled are shown in Figures 4 to 6 . These figures show 
techniques for overcoming or at least mitigating this 
problem for batch production of ceramic products of 
varying dimensions , geometry and process temperatures . 

Figure 4 shows one possible scheme for stacking 
individual ceramic items 19 in the refractory box 11. 
This is just one form of stacking where the pieces are so 
arranged that temperature gradients between the centre 
and edges of the pieces due to conduction and radiation 
are minimised. 
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Turning now to Figure 5 , another technique for 
reducing or preventing loss of heat energy is to pass hot 
air or other gas or gases through the refractory box 11 
and around the ceramic pieces to assist the equalisation 
of temperature throughout the refractory box. This is 
particularly advantageous in establishing a uniform 
temperature up to temperature A in Figure 1 . It is thus 
of great benefit at temperatures below approximately 
850 a C, but also assists the prevention of the loss of heat 
energy above this temperature. As shown in Figure 5, the 
air or other gas or gases may be heated at 20 within a 
closed system containing a fan 21, the gases being 
continuously circulated through the refractory box 11 in 
which, in this example, to provide an even distribution 
of gas flow, there are spaced baffles 22 adjacent to the 
inlet and outlet of the refractory box. The tubes 23 to 
and from the refractory box 11 are preferably ceramic 
tubes designed with microwave choke to prevent radiation 
leaks. The baffles can also/alternatively serve to 
regulate the passage of gas into and out of the box. 

In achieving a uniformed temperature during the 
initial stages . of the process> greater equalisation of 
temperature-time profiles throughout the refractory box 
are obtained up to sintering temperatures , and more rapid 
heating is achieved. As will be described, the flow rate 
and gas temperature are preferably controlled. . 

A third technique for preventing or reducing loss 
of heat energy is shown in Figure 6, where a batch of 
ceramic articles 19 to be sintered are surrounded by a 
thermal screen 24, which in this embodiment, is of 
reticulated structure and made of ceramic material which 
is an absorber (or susceptor) of microwave energy and is 
thus heated thereby. The porous nature of the structure 
allows the use of the technique described in relation to 
Figure 5, namely the recirculation of heated air or gas, 
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in conjunction with the use of this thermal screen within 
the box 11, which as shown in Figure 6, surrounds the 
screen. 

The relative susceptibility of the screen and 
batch to microwave energy may be controlled by doping the 
ceramic material from which the screen is made by a 
predetermined amount of a known, good absorber, for 
example silicon carbide. The reticulated nature of the 
screen provides low thermal mass, thereby permitting 
rapid temperature responses to changes in microwave 
power, and as stated, also allows the system to be used 
with circulating hot air or gas. The use of a heated 
screen is particularly effective at process temperatures 
greater than approximately 1,000°C, when heat loss by 
radiation becomes dominant with known methods . The 
screen itself could be surrounded by suitable thermal 
insulation . 

An alternative type of thermal screen may be 
formed by the doping or spray coating of thermally 
insulating material with a known susceptor (absorber) of 
microwave energy. The thickness of the doped insulation 
or spray coating, the nature of the susceptor, and the 
density of the susceptor are selected to match the 
specific application required. Spray coatings are 
particularly suited to the heating of larger, individual 
items of variable geometry. The coating thickness and 
susceptance in these cases may be varied over the surface 
of the insulation, being greatest where the ratio of 
surface area to volume of the piece is large. The spray 
coating may be on stiff, flat board or on board shaped or 
profiled to match the shape or profile of the piece. A 
variation of this spray coated, layered screen may be 
more simply obtained by constructing the screen as a 
composite of materials of differing susceptibility, in 
sheet or other form. Again these alternative forms of 
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screen could be porous to allow the hot air or gas to be 
circulated through the refractory box 11. 

The first and second techniques described above 
are optional, so that neither, one, or both can be used 
with the third technique, namely the provision of the 
thermal screen, which is used with the means and method 
of Figure 2 . 

Where the screen, wholly or partly, is conductive 
to electric current as well as being a susceptor to 
microwave energy, the material of the screen may be so 
formed as to provide a closed electrical circuit. The 
circuit may be connected to a voltage and current source 
24a outside the cavity which can be independently 
controlled, or, preferably, controlled in conjunction 
with and in correct relation to the controlled microwave 
energy source. The provision of an independent, 
additional energy supply to the screen enables more 
precise control of temperature - time characteristics of 
the screen to be obtained, particularly, for example, 
where constraints on the choice of screen susceptor 
material make the required characteristics difficult to 
realise. 

Figure 7 is a schematic, block diagram of a 
complete integrated control system for an embodiment of 
the method of the invention. Reference numerals already 
referred to have been used in this figure for the same 
parts . 

As can be seen from Figure 7, the refractory box 
11 has fed to it through tubes 23 the heated gas or air 
referred to above, this being passed through a heater 2 0 
and fan 21. Indicated at 26 is an integrated digital 
control system and connected to this are lines 27, 28 
respectively providing values of the temperature and flow 
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rate of the gas or air fed to the refractory box. Also 
connected to the control system 26 aire lines 29 and 30 
respectively which feed values of the screen temperature 
and the batch temperature from the refractory box. 
Finally a line 31 extends from the control system 26 and 
carries a signal to the control circuit of the magnetron 
to vary its power as required, although this as shown in 
Figure 7 goes directly to the cavity 10, since the 
variation in power and thus of microwave energy is 
transmitted into the microwave cavity. Line 31 also 
carries a signal to the external, independent, power 
supply 24a to the screen, if its conductive nature is 
employed. Of course not all the measurements shown in 
Figure 7 need be provided, since as mentioned above, the 
use of the heated air or gas can be omitted, and the 
comparable parameter for regulating the power of the 
magnetron could be its own measured or calculated power 
value, rather than the temperature of the batch or 
ceramic piece being heated. In particular, the heated 
air or gas is undesirable when firing glaze on to 
whiteware articles . 

Using the techniques referred to above for 
reducing or overcoming heat loss , the control of 
processes associated therewith may be divided into two 
types : 

(a) Control of the microwave susceptance and 
other parameters of the thermal screen. These are 
predetermined and normally remain constant during 
the process . 

(b) Control of gas flow and/or temperature, and 
of power generated by the magnetron ( s ) with 
reference to set or pre-programmed temperature of 
or power input to the pieces . These parameters 
vary during the process . 

The controls (a) and (b) mentioned above can be 
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integrated and matched to achieve the required material 
properties /microstructure of the piece or pieces. 
Optimum control of the total scheme is achieved by 
control of the variable parameters within (b) by a multi- 
input, adaptive/self -tuning digital control scheme. 
Control of gas flow and its heating external to the 
cavity enables a relative temperature-time 
characteristics of the thermal screen and batch to be 
controlled. The control scheme may include or be 
assisted by input data on the loss factor of ceramic 
materials at elevated temperatures . 

As described, except when firing glaze on to 
whiteware articles, or with products where a still 
atmosphere is desired, the use of circulating hot air/gas 
is normally of great benefit at process temperatures 
lower than approximately 850 3 C, and in an embodiment using 
all three techniques, the stacking arrangement shown in 
Figure 4 would be used in conjunction with the use of the 
thermal screen and the circulation of the heated air/gas. 
At temperatures above approximately 1, 000 3 C, the stacking 
system of Figure 4 could be used with the thermal screen 
of Figure 6 without the use of the heated gas /air. 

The combination of thermal screen and hot gas 
forms a hybrid system of heating controlled by an 
integrated controller which compares measured values with 
set or computed values from a mathematical model of the 
system. The heating of the thermal screen can be by 
virtue of the microwave energy alone or with the 
electrical heating. 

The method described is preferably continuously 
controlled and the integrated control of all the 
variables prevents thermal runaway and enables uniform 
heating to be achieved within the ceramic piece and 
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throughout the refractory box. The method can 
enhance the uniformity, consistency and speed o 
microwave heating and firing of the piece. 
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CLAIMS 

1. A method of heating ceramic material in an 
interior of an enclosure, comprising providing a variable 
power source of microwave energy, providing in said 
interior of the enclosure a thermal screen which is 
around the ceramic material, in use, and which is heated 
by said microwave energy, operating said source to supply 
microwave energy to said interior of said enclosure 
containing said ceramic material, in use, and 
continuously controlling the power of said source in 
response to a difference between a set value of a 
parameter of the system, and a measured or calculated 
value of the parameter during operation of the method. 

2. A method as claimed in Claim 1, comprising passing 
heated gas through the enclosure, the gas passing around 
the ceramic material therein, in use. 

3. A method as claimed in Claim 2, comprising heating 
said gas externally of said enclosure and circulating the 
heated gas in a closed system including a fan. 

4. A method as claimed in Claim 2 or Claim 3, 
comprising passing the heated gas through the. thermal 
screen. 

5 . A method as claimed in any one of the preceding 
claims, comprising electrically heating the thermal 
screen. 

6. A method as claimed in any one of Claims 2 to 4 , 
comprising electrically heating the thermal screen and 
controlling the heating of the ceramic material by an 
integrated control of gas temperature and flow, and 
thermal screen temperature, based on a comparison of 
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their measured values with set or computed values from a 
mathematical model of the system. 

7. Apparatus for heating ceramic material comprising 
an enclosure having an interior in which said ceramic 
material is intended to be received, a thermal screen in 
said interior around said ceramic material, in use, a 
variable power source of microwave energy outside the 
enclosure operable to supply microwave energy to said 
interior of the enclosure containing said ceramic 
material, in use, and means for continuously controlling 
the power of said source, in use, in response to a 
difference between a set value of a parameter of the 
system, and a measured or calculated value of the 
parameter during the heating. 

8. Apparatus as claimed in Claim 7, comprising means 
for stacking ceramic material items to be heated, in use, 
one above the other with respective spaces between 
adjacent items above and/or below. 

9. Apparatus as claimed in Claim 7 or Claim 8, 
wherein means are provided for passing heated gas, in 
use, through said enclosure and around said ceramic 
material to be heated . 

10. Apparatus as claimed in Claim 9, wherein means are 
provided for heating said gas externally of said 
enclosure, and fan means are provided for circulating the 
heated gas in a closed system. 

11. Apparatus as claimed in any one of Claims 8 to 10, 
comprising respective baffles adjacent an inlet and an 
outlet of a refractory box in which the ceramic material 
to be heated is disposed. 

12. Apparatus as claimed in Claim 9 or Claim 10, 
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wherein said heated gas flows, in use, to said enclosure 
in ceramic conduits. 

13. Apparatus as claimed in Claim 9 or Claim 10, 
wherein the heated gas is arranged to flow through the 
thermal screen. 

14. Apparatus as claimed in any one of Claims 7 to 13, 
wherein the thermal screen is of reticulated structure. 

15. Apparatus as claimed in any one of Claims 7 to 14, 
wherein the thermal screen is of ceramic material. 

16. Apparatus as claimed in any of Claims 7 to 15, 
wherein the susceptibility of the thermal screen to 
microwave energy is controlled by doping the screen 
material with a predetermined amount of susceptor. 

17. Apparatus as claimed in any one of Claims 7 to 16, 
wherein the thermal screen is surrounded by thermal 
insulation. / 

18. Apparatus as claimed in any one. of Claims 7 to 13, 
wherein the thermal screen is of thermally insulating 
material doped with a susceptor of microwave energy. 

19. Apparatus as claimed in any one of Claims 7 to 13, 
wherein the thermal screen is of thermally insulating 
material spray coated with a susceptor of microwave 
energy. 

* 

20. Apparatus as claimed in Claim 19, wherein coating 
-» thickness and/or susceptance is varied over the surface 

of the thermally insulating material. 

21. Apparatus as claimed in Claim 19 or Claim 20, 
wherein the coating is on material shaped/profiled to 
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match the shape/profile of ceramic material, in use, to 
be heated . 

22. Apparatus as claimed in any one of Claims 18 to 
21, wherein the thermal screen is porous. 

23. Apparatus as claimed in any one of Claims 7 to 13, 
wherein the thermal screen is composed as a composite 
structure of materials of differing susceptance. 

24. Apparatus as claimed in any one of Claims 7 to 23, 
comprising means for electrically heating the thermal 
screen. 

25. Apparatus as claimed in Claim 24, comprising a 
closed electrical circuit to and from the thermal screen, 
the circuit including a voltage source. 

26. Apparatus as claimed in Claim 25, comprising means 
for controlling said voltage source in conjunction with 
said control of the source of microwave energy. 

27. Apparatus as claimed in Claim 26, wherein said 
controls of the voltage source and microwave energy 
source respectively are incorporated in an integrated 
control which continuously receives said measured or 
calculated values of the parameters and compares them to 
said set value. 

28. Apparatus as claimed in Claim 24 when appended to 
Claim 9, comprising an integrated control of gas 
temperature and flow, and thermal screen temperature, 
based on a comparison of their measured values with set 
or computed values from a mathematical model of the 
system. 
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